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The role of turbulence in the process of magnetic reconnection has been the subject of a great deal
of study and debate in the theoretical literature. At issue in this debate is whether turbulence is
essential for fast magnetic reconnection to occur in collisionless current sheets. Some theories claim
it is necessary in order to provide anomalous resistivity, while others present a laminar fast
reconnection mechanism based on the Hall term in the generalized Ohm’s law. In this work, a
thorough study of electrostatic potential fluctuations in the current sheet of the magnetic
reconnection experimeriMRX) [Yamadaet al, Phys. Plasma4, 1936(1997] was performed in

order to ascertain the importance of turbulence in a laboratory reconnection experiment. Using
amplified floating Langmuir probes, broadband fluctuations in the lower hybrid frequency range
(fLu~5-15 MHz) were measured which arise with the formation of the current sheet in MRX. The
frequency spectrum, spatial amplitude profile, and spatial correlation characteristics of the measured
turbulence were examined carefully, finding consistency with theories of the lower-hybrid drift
instability (LHDI). The LHDI and its role in magnetic reconnection has been studied theoretically
for decades, but this work represents the first detection and detailed study of the LHDI in a
laboratory current sheet. The observation of the LHDI in MRX has provided the unique opportunity
to uncover the role of this instability in collisionless reconnection. It was found ¢hathe LHDI
fluctuations are confined to the low-beta edge of current sheets in NIBXhe LHDI amplitude

does not correlate well in time or space with the reconnection electric field, which is directly related
to the rate of reconnection; af@) significant LHDI amplitude persists in high-collisionality current
sheets where the reconnection rate is classical. These findings suggest that the measured LHDI
fluctuations do not play an essential role in determining the reconnection rate in MR2002
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I. INTRODUCTION tion to become important. The thinness of the current sheet
impedes the flow of mass through the current sheet, slowing
Magnetic reconnectidnis a fundamental process in the reconnection process significantly.
plasma which is thought to play important roles in both labo-  One of the earliest proposals for speeding up Sweet—
ratory and natural plasmas through affecting magnetic topolParker reconnection was the inclusion of a turbulent anoma-
ogy and through heating and particle acceleration. It is genlous resistivity in the resistive MHD mod&IStrong currents
erally accepted that the process of reconnection depends @md density gradients found in current sheets can drive mi-
the formation of sharp gradients in the magnetic field, callectroinstabilities which could provide sufficient anomalous
current sheet$which exist on scales where dissipation be-dissipation to increase the Sweet—Parker rate to match obser-
comes important. The earliest quantitative model of currenvations. In addition to increasing the Sweet—Parker rate,
sheet reconnection was presented by Sweet and Panker, simulations have found that using a current-density depen-
ing the resistive magnetohydrodynanidHD) approxima-  dent turbulent resistivity may allow reconnection at nearly
tion. This model provides a mechanism by which magneticAlfvénic rates via the development of slow-mode shotés,
topology can change much faster than would be allowed biirst proposed by Petschékhile models using anomalous
simple resistive diffusion, but fails to explain the rapid time resistivity succeed in achieving fast reconnection, a crucial
scales observed in natural and laboratory plasmas. The shofU€stion to answer is: What microinstabilities operate in re-
coming of the Sweet—Parker model is the crucial dependendeg®necting current sheets, and can they provide sufficient
of the reconnection rate on the plasma resistivity. In colli-resistivity to justify these models? A number of instabilities

sionless plasmas where the Spitzer resistivity is small, ver)bave been proposed to produce turbulence and anomalous

thin current sheets are needed in order for resistive dissipfi?‘%t'vIty in current sheets, including Bunenfaslectron

cyclotron drift® ion acoustic, and lower-hybrid drift® Due
to the plasma parameters expected or observed in current
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hybrid drift instability (LHDI) is considered by some to be tification of the LHDI has provided an opportunity to experi-
the “best bet” for providing anomalous resistivity in recon- mentally investigate the role of this instability in reconnec-
necting current sheets.However, it is well known that the tion. The radial amplitude profile, time behavior, and
LHDI is linearly stabilized by large plasma bétasuggest- collisionality dependence of the fluctuations suggest that the
ing that the instability might have difficulty being excited LHDI is not contributing significantly to determining the re-
near the center of high-beta current sheets where resistivityonnection rate in MRX.
generation is desired. Simulations have shown that the LHDI ~ This paper is organized as follows: Section Il offers a
can grow in the edge of the current sheet, but disagree on theview of theories of the lower-hybrid drift instability, in-
effectiveness of the instability in penetrating high beta re<luding the development of a model to be used to compare
gions and providing resistivity?14 with measurements in MRX. In Sec. Ill the experimental
Recently, an alternative theoretical picture of fast reconapparatus and diagnostics used in this work are described.
nection has emerged from simulations employing two-fluidSection IV presents a detailed analysis of the fluctuation
effects, particularly effects embodied in the Hall terms in themeasurements and a discussion of their implications for re-
generalized Ohm’s la#? In these simulations, the relaxation connection in MRX. A summary of the work is offered in
of reconnected field lines is seen to be governed by the whissec. V.
tler wave, rather than by the Alfmewave as in MHD recon-
ne_ction. Due_ to the dispersive n_ature of the whistler wave;, reviEw OF THE LOWER-HYBRID DRIFT
this results in a low-aspect-ratio current sheet geometryNsSTABILITY
which does not impede mass flow and hence allows fast
reconnectiort® The reconnection rate in these simulations is ~ The lower-hybrid drift instability has been studied theo-
found to be independent of the type of dissipation availabldetically for decades, motivated by its possible role in mag-
in the current sheet, making the model very attractive fornetic reconnectioff} theta-pinches and other fusion
reconnection in collisionless plasmas. Simulations supportdeVicesz,O and space plasmas.g., the magnetosphéte In
ing this theoretical picture have been primarily two- the following, a review of the theory and prior experimental
dimensional, artificially suppressing instabilities and perhapstudies of this instability is presented. Section Il A reviews
suppressing anomalous resistivity which could potentiallythe theory of the LHDI, including the derivation and discus-
dominate over other effects in setting the reconnection ratesion of a local, linear, electrostatic model of the LHDI. This
However, initial three-dimensional Hall MHD simulations model will be utilized to explain features of the experimental
indicate that while turbulence does develop, the laminar twodata in Sec. IV. Section Il C briefly discusses prior observa-
dimensional2-D) picture of reconnection remains intact and tional studies of the LHDI.
the tu;ltzlulence only serves to slow the reconnection |inear LHDI theory
process: )
The controversy over the role of turbulence in reconnec- !N order to develop a model to be used to compare with
tion is obvious in the differences between these theoreticdi@t@ taken on the MRX experiment, we present a derivation
models. Motivated by the goal of resolving this controversy,Of alocal, linear, electrostatic theory of the lower-hybrid drift

we present in this paper experimental studies of fluctuationdStability. The following closely follows the procedures

: 12
in the current sheet of the Magnetic Reconnection Experit'S€d by Krall and Rosenbluff Davidsonet al,** and Huba

ment(MRX).1” The goal of this work was tad) identify and  and W in deriving the dispersion relation for the lower-
characterize any microinstabilities present in the MRX cur-NyPrid drift instability. We consider a local model of the
rent sheet, and2) determine the role of these instabilities CUrrent sheet, assuming that the wavelength of the mode of

during reconnection. Measurements of fluctuations in MRxINt€rest is much sma!?r than the g_rfldient scale length in the
were done primarily using floating Langmuir probes, but ini- PlasSma <(dInn/dx) =, (dInB/dx) ~. We therefore use a
tial studies with magnetic pick-up probes were also per_slab model in the derivation, with density and magnetic field
formed. The result of these studies was the observation diradients in the direction(corresponding to in MRX) and

broadband electrostatic and magnetic fluctuations in the cuUrrent in they direction (corresponding ta in MRX). As
rent sheet which are identified as lower-hybrid drift e MRX current sheet thickness is comparablgytg” we
wavest®1® This identification is made following careful ex- réat the ions as unmagnetized with a cross-field flow veloc-

amination of the frequency spectrum, spatial amplitude proly V- The derivation will take place in the frame where the
file, and spatial correlation characteristics of the turbulence®lectric field is zero, and the ion flow velocity, therefore
The fluctuations are observed to develop with the formatiof€Presents both the ion diamagnetic drift speed andEny
of the current sheet in MRX and have a frequency spectrum B electron current. The equilibrium ion distribution func-
centered near the local value of the lower hybrid frequencytion IS chosen to be a shifted Maxwellian:

The radial profile of the fluctuation amplitude is found to be n p( 02+ (0y— V)2 +02

peaked on the inner edge of the MRX current sheet, consis- f?=ﬂex
m 2Uth,i

2 1
tent with the computed profile of the LHDI linear growth Vtni

rate. Two-point correlation measurements reveal a decorrelavherevy,;=+2T;/M andn are evaluated locally. The elec-
tion length in the fluctuations comparable with the predictedrons are magnetized, and we write the equilibrium distribu-
wavelength of the LHDI, consistent with the expected strongion function as a function of the constants of the electron

linear growth rate in MRX current sheetg{ ,). The iden-  motion:v?, p,, andp,=mv,—eA(x)/c. If we assume that
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FIG. 1. Real frequency and growth rates for the LHDI using parameters

relevant to the MRX experiment.
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where {i=(w—kyV)/kvy,;. We can then use Poisson’s
equation to relate the density perturbations to the potential
perturbation:

—k2¢p=4me(5n;— &n,)

2((1)_ kyUD,e)

1+
kHvth,e

- 1 , 1
=¢ —Taiz (gi)+ﬁ

—kyVygx?
xf xdxexp(—xz)JS(klpex)Z(wy—VB))].
Kivthe

The dispersion relation can then be obtained from roots of

1

= —_——_—1 4 f + s +

2
_ 2(w—kva,e) ( )

kuvth,e
—k, Vygx?
xfxdxexq—xz)Jg(kLpex)Z(wy—VB).
kHUth,e

The value of the electroW B drift velocity can be shown
to depend on the value of the total plasma beta. If we assume
equilibrium between the magnetic and plasma pressure, and
also that the temperature is spatially uniform, we find

the gradient in the magnetic field is weak, we can approxi-

mate p,~muv,—eByx/c. The electron distribution function
is chosen to be

o n(X) p( vi+v2

=——"—eX —

e 3/2.3 2
m 2Uth,e Uth,e

whereX is related to the canonical momentum in theli-
rection, X=x—v,/Q¢=—(eB/c)p,. We choose a local
model and expand abowut=0 to find

fo~

U
1—en—Qy)FM'e,
e

wheree,=dInn/dx andFy, . is a Maxwellian electron dis-
tribution.

BZ
V(@):‘Vp’
ZBZaInB_ T dlnn
B ox . NTet T
Eb:_%ﬂenv
'.'VVB:_EUD,E'

whereg is the total plasma bet@=8mn(T.+ T;)/B2. Thus
the plasma beta enters into Eg) through theV B drift term
in the plasma dispersion function.

Using Eq.(2), we can explore the linear characteristics
of the LHDI using parameters relevant to the MRX experi-
ment. The relevant dimensionless parameters in MRX are
€,pil2~1 (density gradient scale length is roughly;?
Vivi~2.5 (j/Ine—nevp ~2.5y,;), andT; /T~ 1. Figure
1 shows the real frequency and growth rate as a function of

Using the electrostatic approximation, the perturbednormalllzed wave numbek, pe, for these parameters and for

electron density can be shown to (s®e the Appendix

2qng ~
oNg=— 7 ¢— 2
mvth,e mvth,e

2qng ~

2
w—kyv —
a yo.e) Kivthe

w— kyVV sz

X f xdxexp( —XZ)Jg(kLpeX)Z<
Kivthe

a few values of the normalized parallel wave numbers,
k,/k, VM/m,, for the casegB=0. The frequencies obtained
from the roots of Eq(2) are Doppler shifted bk, V in this

plot in order to show the frequency in the ion rest frame. In
the ion rest frame, positive real frequency is foundKorin

the electron diamagnetic direction, indicating that the un-
stable waves propagate in that direction. The growth rate of
the LHDI is found to be quite strong, and peaked near

The perturbed ion density is straightforward to calculatek, p.~1 andw~ . Significant growth is found at a wide

in the limit of unmagnetized, drifting ions, yieldify

_2qng ~
5ni_MUth,i SLL+GZ(E) ],

D

range ofk, p., translating to a range of real frequencies up
to two to three times the lower hybrid frequency. In the ion
rest frame, the phase velocity of the waves at peak growth
(~win, K pe~1) is

Downloaded 25 Jul 2002 to 192.55.106.156. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 8, August 2002

0.6

0.2

0.1 1 10

FIG. 2. Peak growth rate for the LHDI as a function of beta.
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Therefore the strongest growth is found where ion Landa

growth of the LHDI, as it is a negative energy drift wave in
the ion rest framé® For k,=0, the growth rate of the waves
is due to—(afiolav)w,k and no damping is provided by the
electrongfor 8=0). Ask is acquired by the wave, access to
electron Landau damping along the field line is provided

growth rate, at very small values &f/k; .

YHution
damping of the waves is strongest. This actually drivesspectroscopicalﬁ%
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plicity, the above-presented electrostatic model, which cap-
tures the dominant finite-beta effect of reson¥i stabili-
zation, is used instead of a fully electromagnetic theory to
calculate peak growth rates for comparison with data pre-
sented in Sec. IV. Fok,=0, the electromagnetic LHDI is
flute-like, only generating perturbations in the background
magnetic field componeriB, in MRX).

B. Nonlinear effects and simulations
1. Saturation mechanisms.

The anomalous transport properties of the LHDI have
been of great interest in the theoretical literature, especially
as applied to theta pinchésand magnetic reconnectiéf.
The starting point for estimates of transport coefficients is
the determination of the saturation level of the LHDI. The
earliest estimate of this level was done by David$bnhere
quasilinear theory was employed to determine the efficiency
of saturation by plateau formation and current relaxation.
The former is unlikely to be important in MRX plasmas, as
collisions are likely to maintain Maxwellian particle distri-
functions  (this has been observed
It has been pointed offtthat current
relaxation does not provide a realistic bounds on the satu-
rated amplitude, as the energy in the field is tied to the cur-
rent, and this thermodynamic estimate should be based on
the total magnetic energy in the system. lon trapping was

o . : 'observed as the saturation mechanism for the LHDI in simu-
resulting in a lowering and eventual suppression of the s by Winske

This mechanism is effective when the
LHDI spectrum is nearly monochromatic, as was observed in

Figure 1 is for the case of zero plasma beta. Significan{hese simulations at moderate drift velociy/v, ;= 3.

beta values are found in the MRX current sheet, from 32
roughly 10% to 100% at the edge to infinite local beta at thEing on the saturation of the LHDI. In this study

considered the effect of electron resonance broaden-
the stabiliz-

field null in guide-field-free current sheets. Figure 2 showsmg electron VB resonance was shown to be nonlinearly
the effect of increasing plasma beta on the peak growth ralfy»jened, allowing a larger population of electrons to inter-

for the LHDI under the same conditions in Fig. 1 and for
k,=0. As beta is initially increased there is little change in
the peak growth rate, but aft@g~1, the peak growth rate
drops dramatically.

The local, electrostatic, linear model of the LHDI pre-

act with and damp the LHDI waves. A saturation estimate for
this procesghowever forV/vy,;=1) was made by Gary®

( 5) 2m, Q2 (Ti>1’4V2
nTi) 5M w5\ Te

()

2 .
Uth,i

sented in this section shows that we should expect the LHDI

to be fairly strongly growing in conditions similar to those
found in MRX, with y~w y atk, pe~1. It is interesting to
note that the marginal state of the LHDI is predicted to occu

at significantly shallower density gradients than those obfec
served in MRX. An estimate of the critical density gradient©"
(assuming the cross-field current to be entirely diamagnetic

is pie/2~20,w ~1/2012 The predicted LHDI growth

rate drops dramatically as beta is raised, and the instability i

However, this saturation mechanism, which is similar to
electron trapping, might be hampered in MRX by high elec-

fron collisionality. Finally, a numerical calculation of the ef-

t of nonlinear Landau dampiri@gr mode—mode coupling
the saturation of the LHDI was performed by Dr&Rén

this case, nonlinear transfer of energy from growing long
wavelength modeskp.~1) to damped short wavelength
modes provided a saturation mechanism. This calculation

likely to be suppressed in the center of the current Sheegielded an estimate for the saturation level of the LHDI:

where beta is locally infinite. Electromagnetic corrections to

the LHDI were first explored by DavidsdA,who found

these corrections to be destabilizing in regimes similar to

those found in MRX ¥/vy,j=1). These destabilizing ef-

1/2 \Vj

ed 5 2mg
LY

This calculation ignored any nonlinear coupling into damped

4

Uth,i

fects were found to lead to the restoration of growth at longefmodes with finitek;, and therefore is likely to be an overes-
wavelengths, but only increased the value of the peak growtimate of the saturation amplitude.

rate slightly compared to the electrostatic case. Thus, the - o

overall effect of beta is a stabilizing one, however the elec?- Quasilinear resistivity

trostatic model presented in Sec. Il slightly overestimates the

Davidsort’ presented a calculation of the anomalous re-

degree of stabilization. For this reason, as well as for simsistivity and heating rates of the LHDI which will be re-
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viewed here. The quasilinear equation for the evolution ofedges of the current sheet, consistent with finite-beta stabili-
the zero-order distribution function of speciggiue to the zation. In the case that no external driving electric field was
presence of waves in the plasma is present, the LHDI did not penetrate further into the current

sheet, but instead resulted in a modification of the current
( d J  q (VXB d

T = sheet profile which in turn drove a low-frequency magnetic
c \

—+v
at ox  m, instability. In this case, reconnection electric field was not
q; < aéfj> induced at the null by the LHDI but was instead provided by

f;

=<&—f1 (5)  the low-frequency instability, which was seen to generate
significant anomalous resistivity. The low-frequency instabil-
The anomalous momentum exchange rate between sgeciedly was identified as the drift-kink instabilityDKI), which
and the fluctuations can be calculated by taking the first vewas so named by Zhu and Wingfetfter observations in
locity moment of @f;/dt)anom for velocity in the current simulations of the magnetotail, but which was perhaps first

v

m.
anom J

direction: studied analytically by Yamanak&(and later by Winsk&).
When a driving electric field was applied in the simulations
in,—mjvyj) = q(5E, on)). (6) by Horiuchi and Satd? the LHDI was found to penetrate to
at "/ anom the magnetic null and provide anomalous dissipation prior to

the triggering of the DKI. In either case, the LHDI was seen
as quite essential to determining the reconnection rate in
these simulations, either through penetration to the null line
or through nonlinearly driving the DKI. It should be noted
that the importance of the DKI in current sheets is currently

. . . . . the topic of much theoretical debate. The DKI has been pri-
Equation(7) provides an instability-model-independent way marily observed in low mass ratio particle simulations, and

to experimentally determine the effective collision rate dueDaughtoﬁl has shown that while the growth rate of this
to a measured spectrum of electric field and density ﬂuCtu""fnstability can be large when the mass ratio is artificially

tions. However, S|multaqeous measu.rerr'lent of the "’.Impl'mdgmall, the DKI should have negligible growth rate at realistic
and phase of both density and electric field fluctuations in Anass ratios in Harris equilibria. Daughton does however sug-

plasma is quite a difficult task, and was not attempted as paﬁfest that other equilibrium profiles, especially those with sig-

of this wqu. A si_m_pler, yet model-depe_ndent, expressi_on fornificant background density, may increase the growth rate of
the effective collision rate can be obtained through using th‘?he DK| 4142

linear theory for the LHDI to compute the density perturba-

tloi a.sk agEfunc/tLllon ofUthe elr:e ctric f'eld. pefrturrt])at_loarg associated with the Hall term in the generalized Ohm’s law
= ~XjIKyoEy  f4mq; . Using the expression forthe 1on den- o regyit in fast reconnection in laminar current sh¥ets.
sity perturbation in Eq(1), the effective collision rate esti- The simulations supporting this fast reconnection mechanism

Equation(6) can then be used to compute an effective colli-
sion rate due to the waves:

Qj

.
et h.mV

-(5E,n;). 7)
1Y

A second recent simulation effort has shown that effects

mate reduces have been almost exclusively done in two dimensitthe
4(1)'2)i T € X—2 plang in .the m_qdel presented in Sec. )| Artificially

Vipp=Im kLZ—_Z’giz(gi) — (8) suppressing instabilities like the LHDI. However, recent
1 Vth, o meVonT three-dimensional simulations by Rogetsal}* using a Hall

L, max

o . MHD model have shown that while LHDI does develop in
wherek, ma indicates that the expression should be evaluyhe edge of the current sheet, it does not dramatically alter
ated at tzhe frequency and wave number at peak growth, anfle physical picture of fast reconnection found in the 2-D
&=(6E)“/8m. Experimental evaluation of Eq8) can be  gimylations. In fact, development of the LHDI was observed
performed with knowledge of only the amplitude of the elec-1, gjow the reconnection rate relative to the rate found in
tric field fluctuations in the plasma. laminar 2-D simulations. The differing conclusions reached
by these two simulation efforts demonstrate the theoretical
controversy over the role of turbulence, specifically due to

Although predictions of strong anomalous resistivity duethe LHDI, in reconnection.
to the LHDI have been made, the usefulness of this resistiv-
ity in reconnection is questionable if the LHDI is suppressed
at the center of high-beta current sheets, where it would b
needed to provide dissipation. Several simulations have bee
performed to study the LHDI and investigate the likelihood There have been very few experimental observations of
of the it penetrating to the center of a current slieeg, e.g., the LHDI, and none in previous laboratory reconnection ex-
Refs. 13, 14, 34—37Two recent simulation efforts address- periments. The earliest report of an experimental observation
ing the LHDI during magnetic reconnection disagree on theof the LHDI was made by Gurneét al,*® who studied sat-
importance of the instability in determining the reconnectionellite measurements of fluctuations in the Earth’s magneto-
rate. The first effort involves three-dimensional particletail. Analysis by Hubaet al?® suggested that the frequency
simulations of reconnection performed by Horiuchi andspectrum and amplitude of the waves was consistent with the
Sato®® In these simulations the LHDI grows up early on the operation of the LHDI in the magnetotail. Shinohateal 1*

3. Review of simulations of the LHDI

. Prior experimental studies of the LHDI

Downloaded 25 Jul 2002 to 192.55.106.156. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 8, August 2002 Experimental study of lower-hybrid drift turbulence . . . 3277

Vacuum vessel Fluctuation probe where no macroscopiB, (sometimes called “guide” field
is present during reconnectigfnull-helicity” reconnection,
as opposed to “co-helicity,” where a guide field is pregent
The free energy sources available to drive instabilities in
MRX current sheets can be at least partially revealed through
the measurement of profiles of magnetic fi¢khd hence
curren} and plasma temperature and density. The knowledge
RA 7 of these profiles will also allow theoretical prediction of in-
R I O —————L- o PABEEODES L. stability characteristics in MRX for comparison with fluctua-
tion measurements. The bulk of the diagnostics in the MRX
FIG. 3. Sghematic of the' MRX device, including representative currentgayice is for the measurement of magnetic fields, with close
sheet location and fluctuation measurement geometry. to 180 magnetic pickup coils in the vacuum vessel. These
coils are hand wound, using 80 turns of 38 gauge magnet

also presented an analysis of recent satellite measurements’ff¢ ©n 3-mm-diam, 3-mm-long cylindrical plastic forms.
the magnetotail, suggesting that the observed fluctuationsn€ Coils are distributed among three probes; two of these
were due to the LHDI. An estimate of the anomalous resisProbes(90-channel and 60-channel 2-D propese for the
tivity due to these fluctuations was made, but it was found?urPose of measuring all three vector components of the field
that the value of this resistivity was not enough to increasd" & coarse grid spacing cm near the current sheet, and 6 or
the growth rate of the tearing mode to the level necessary t§ ¢M at radii well inside the current sheet locajiam one
explain the triggering of an associated substorm. Howeveforoidal plane of the experiment. Using these magnetic mea-
Shinoharaet al. suggested that the computed anomalous reSurements and assuming axisymmetry, the poloidal flux and
sistivity might still be enough to be essential to magneticelectric field can be calculatedy=[q2nrB,(r)dr, E,
reconnection in the tail. In these satellite measurements, dé= ~ 1/(27R)(dy/4t). A high-resolution (0.5 cm spacing
tailed observation and analysis of the LHDI is quite difficult, On€-dimensionail-D) magnetic probe is used to meastie

as the profile and location of the tail current sheet is not welPIONg ther direction. The magnetic field profile in MRX is
measured simultaneously to the fluctuation measurements. Well d(zefgybed by the Harris sheet theoretical equilibrium
both cases, however, the data suggested that electrostaBECfile™ " The measure®, field in MRX is fit to this the-
fluctuations might be strongest away from the center of th@retical profile @=tanh(f—ro)/d)) and the current density is
current sheet. There have been experimental studies of tfi¢rived analytically from the fit. The thickness of the current
LHDI in other plasma configurations which are not directly Sheetin MRXis found to be comparable to both the ion skin
relevant to the problem of magnetic reconnection. A,cO depth and the Jon gyroradiusé{- pj~clwp ).~ A triple
laser scattering measurement of fluctuations in a theta-pinch?NgMuir prob&is employed to measure densitye}, elec-
plasma was made by Fahrbaehal These measurements tron temperatureT,), and floating potential\(s) profiles in
provided some limited information on the wavelength angthe current sheet. . .
frequency spectrum of fluctuations in the plasma, and the Collisionality in MRX curre_nt sheet; is characterized by
characteristics were shown to be consistent with linear anf® Parametei /5, where § is the width of the current
nonlinear theories of the LHDf Measurements in magne- SNeet andhyg, is the electron mean free path against Cou-
toplasmadynamic thrusters, which involve strong cross-field®mb collisions. Two observations which motivate the study

current and density gradients, have also revealed eviden@ turbulence and anomalous resistivity have been made as
for the LHD] 4546 the collisionality was lowere@\ ;,/ 6 is increaseglin MRX.

The first observation is that the measured toroidal reconnec-
tion electric field,E,4, is no longer balanced by classical
collisional drag at the center of the current shé&gf/ 7s,j o

The measurements reported in this paper were taken or1, where 7s, is the classical Spitzer perpendicular
the Magnetic Reconnection ExperimeMRX)'’ at Princ-  resistivity*° If the measured rati&/] is defined as an effec-
eton Plasma Physics Laboratory. MRX was constructed fotive resistivity, »* =E/j, reconnection data from MRX is
the purpose of studying magnetic reconnection in a wellfound to agree with a generalized Sweet—Parker theory
controlled laboratory plasma where MHD is satisfied in thebased on this effective resistivityand also including com-
bulk of the plasma(Lundquist number $)>1, p;<L). A  pressibility and downstream pressut® The second obser-
schematic drawing of the MRX apparatus, showing locatiornvation is that of direct, nonclassical ion heating during recon-
of the current sheet and fluctuation measurement geometrgiection in MRX current sheef$.One possible explanation
is shown in Fig. 3. for these two observations is the presence of turbulence in

Current sheets in MRX are formed between two coil setdow-collisionality MRX current sheets, which creates a tur-
called “flux cores,” shown in Fig. 3. The current sheet is bulent anomalous resistivity* > s, (so thatE,/7*j ,= 1)
indicated by crosses in Fig. 3, surrounded by a representativend directly heats the ions.
field line. The primary sheet current flows in the toroid@l The initial search for high-frequency fluctuations in
direction, the reconnecting field is in tiZedirection, and the MRX using probes revealed broadband noise generated by
density and magnetic field gradients are in Ralirection. impedance mismatches in both power transmission lines
The work reported in this paper was done in current sheetBom the MRX capacitor banks and in transmission lines of

IIl. EXPERIMENTAL APPARATUS
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the diagnostics themselves. This noise precluded the detewdth graphite to provide electrostatic shielding. The pickup
tion of signals from the plasma and had to be addressed iprobes are coupled directly to a buffer amplifier at the end of
order to study fluctuations in the MRX current sheet. In orderthe probe shaft, with no transformer. The bandwidth of the
to improve immunity to noise generated by the power cir-probe is set by th&/R time of the coil L~10 uH) based
cuitry in MRX and to facilitate active impedance matching in on the input impedance of the buffer amplifi€s00 ),
the diagnostics, small broadband buffer amplifiers were builtvhich is around 20 ngmaking the bandwidth <50 MHz).
into probes used for the fluctuation studies reported here. Thehe probes were inserted radially into MRX plasmas, as
use of a miniature SOT-23 surface mount package for thehown in Fig. 3.
buffer (Burr—Brown OPA682, along with 0805 package sur-
face mount capacitors and resistors, allowed the placement
of all components on a double-sided printed circuit board oiIV' MEASUREMENTS OF FLUCTUATIONS IN THE
4.5X50 mm approximate dimensions. The boards are placeMIRX CURRENT SHEET
inside 1/4 in.(0.635 cm to 3/8 in. (0.9525 cm stainless Measurements of fluctuations in the current sheet of
probe shafts, which allows the leads connecting the prob®RX are reported in the following. While fluctuations have
tips to the amplifier to be only several millimetefS—10  been studied in current sheets previoélghe measure-
mm) long. The amplifier allows an easy transition from the ments reported here are the first to be done in a current sheet
high-impedance probe tip into a 5Q transmission line, formed in a plasma where, on the global scale, ions are mag-
eliminating impedance matching issues. While the overalhetized p;<L) and the MHD approximation is satisfie® (
voltage gain is unity, the amplifier does boost the signal curs1). In addition, fast reconnection, enhanced resistivity, and
rent to assist in noise immunity. A high-bandwidth ferrite nonclassical ion heating have been observed in M&X,
core 1:1 pulse transformer is used to provide isolation fronproviding an opportunity to determine if turbulence plays an
the plasma in electrostatitangmuir probg diagnostics, but  essential role in these phenomena. Measurements of high-
is not present in amplified magnetic pickup coil diagnostics frequency fluctuations were performed in the current sheet of
The magnetic field value of the core saturation is well aboveMRX, with the following goals:(1) identify any instabilities
the fields used in these experiments00 G). Perturbation present in the current sheet and determine their characteris-
of the background field due to the presence of a higier-  tics and(2) determine the influence of these instabilities on
ritic material is negligible due to the size and toroidal geom-the process of reconnection in MRX. These measurements
etry of the transformer. Signals are propagated down theesulted in the first observation of the lower-hybrid drift in-
probe shafts using low-loss semirigid coaxial lif&T-  stability in a laboratory current sheet. This instability has
85LL). Signal transport from the probe to the digitizing os- been studied theoretically for decades in the context of cur-
cilloscope(approximately 12 m aways accomplished using rent sheets and magnetic reconnection, yet no detailed ex-
low-loss RG8 coaxial cable. The bandwidth of the systemperimental investigation of the instability has been possible
(amplifier input to RG8 outpuitis measured to be 100 kHz until this work.
=f=125 MHz when the transformer is used for isolation
and f=300 MHz when no transformer is used.
Fluctuations in the plasma floating potential were mea-  Measurements using amplified floating double Langmuir
sured using differential floating Langmuir probes. Floatingprobes placed on the edge of current sheets in null-helicity
potential measurements were chosen over ion saturation cutischarges in MRX have revealed the presence of broadband
rent measurements due to the difficulty of measuring higtiluctuations near the lower hybrid frequency. In this section,
frequency current signals accurately in the presence of cablevidence supporting the identification of these fluctuations as
capacitance. Differential measurement was performed in odower-hybrid drift waves is presented. The evidence is pro-
der to remove low frequency floating potential signals, whichvided by detailed studies of the frequency spectrum, radial
can be on the order of 100 Wluctuating signals are on the amplitude profile, and spatial correlations and propagation
order of 1 \). Single floating probe measurements usingcharacteristics of the fluctuations. These observations will be
voltage division were not practical due to the limited dy-shown to be consistent with theoretical predictions for the
namic range of the data acquisition systé8rbit) and noise lower-hybrid drift instability, using the theory developed in
generated by the high-power pulsed electronics. Differentiaec. Il for comparison.
floating Langmuir probes are constructed using two spatially  Figure 4 shows an example of a differential floating po-
separated cylindrical tungsten wires sheathed in alumingential signal §¢;) taken atr=0.34 m(refer to Fig. 3 for
(Al,03). The diameter of the tungsten tips varied from 30measurement geomeiryalong with a time trace of the total
mil (0.762 mm to 5 mil (0.127 mm), and in all probe tips a toroidal plasma current during a hydrogen discharge in
1 mm length of the wire is exposed to the plasma. Studies dMRX. The plasma current rises during formation of the cur-
spatial correlations were performed using three-tip probesent sheet in MRX and then typically flattens in time during
where two of the tips are used to make spatially separatethe quasi-steady period of magnetic reconnection. The fluc-
differential floating potential measurements using the thirduations are seen to arise with the formation of the current
tip as a common reference. Correlation probes were corsheet and persist for 10—20s. The amplitude of the mea-
structed with 1, 3.5, and 10 mm separation. Magnetic fieldsured fluctuations is typically several hundred millivolts, but
fluctuations are measured using magnetic pickup coil basecan be as high as 1-2 V. A normalized fluctuation amplitude
probes. The coils are placed inside small glass tubes coate@n be constructed by comparing the amplitude to the mea-

A. Observation of the lower-hybrid drift instability
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FIG. 4. Traces of plasma current and measured floating potential signa 1 0 100 200 300
along with a FFT of the signal. Current sheet formation and reconnection f (MHz) B (G)
occur roughly fromt=240 to 280us.
FIG. 5. (a) Average floating potential power spectrum in hydrogen at differ-
ent average field strength) Frequency at peak fluctuation amplitude in

. . hydrogen vs magnetic field.
sured electron temperatured¢;/T,. This normalized am- yered 9

plitude is typically found to be several percerf,

~5-10eV, edp;/Te=10%). A windowed fast Fourier charges with similar local magnetic field. A clear downshift
transform(FFT) of the shown example signal is inset in Fig. in the location of the fluctuation spectrum is observed in
4, with a vertical line marking the position of the time aver- helium discharges, again consistent with the change in the
aged lower hybrid frequency, y~16 MHz. The FFT is per- local lower hybrid frequency.

formed using a Hanning window, &s wide aboutt The theory of the LHDI predicts that the peak of the
=252 us, and the plot is made using a linear vertical axis.growth rate should occur at a wave number associated with a
The lower hybrid frequency is determined from measure+real frequency of roughly the lower hybrid frequency. The
ments of the magnetic field near the fluctuation probe usingbserved frequency spectrum is consistent with the linear
o p=VQL;. theory in this regard, as the peak is near the lower hybrid
frequency. The LHDI theory also predicts a fairly wide range
of wave numbers where appreciable growth is found, as

) ) shown in Fig. 1, which is consistent with the observation of
The LHDI is expected to produce fluctuations whose fre-5 \yide frequency range in the fluctuation spectra.

guency spectrum is located near the lower hybrid frequency.

The detailed dependence of the frequency spectrum of the Spatial amplitude profiles and time behavior

measured floating potential fluctuations on the lower hybrid . . : .
frequency was explored through varying the peak field in the 1€ LHDI is expected to be driven by density gradients
current sheet and the mass of the working gdsy ( and cross-field currents, which would suggest that it might
«B/\M). The peak magnetic field value was varied through®® l0calized near these energy sources in MRX current
raising or lowering the voltage on the capacitor bank used téhee'ts. In order (o determine 'T the observed ﬂuctuatpns are
generate the poloidal field. Using this technique, the pealgonystent with these expectations, a study of the radial am-

field was scanned from roughly 100(@sing 10 kV/8 kV on pr:itudedprofi:e Wzs_ pgrforrlr:e_d. A compzrisog with _tdhe I;neir
the toroidal field/poloidal field bankio 300 G(14/12 ky), ~ theory developed in Sec. Il is presented, and provides further

Both hydrogen and helium were used as working gases apupport for the conclusion that the measured fluctuations are

lowing for a factor of 2 change in the lower hybrid frequency
due to ion mass. AN T —
Figure Fa) shows a set of example average floating po-
tential fluctuation power spectridinear vertical axis, loga-
rithmic horizontal axi$ at different local field values in hy-
drogen. Each plot is generated through averaging the
spectrum of ten discharges whose local magnetic field value
falls within a 50 G window of the magnetic field value an-
notating the graph. There is an upward shift evident in the
power spectrum with increasing field strength, consistent
with the shift in the local lower hybrid frequency. Figuréb
shows the frequency of peak fluctuation amplitude versus L T, L
local magnetic field for discharges in hydrogen. While there . 10
is some scatter, the peak frequency is seen to increase with f (MHz)
increasing magnetic field in a manner consistent with the

lower hybrid frequency. Figure 6 shows the average POWEE|G. 6. Average fluctuation spectra in hydrogen and helium for similar
spectrum of the fluctuations for hydrogen and helium dis-magnetic field values.

1. Frequency spectrum

0.1 o

Normalized FFT Power
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CY MAAMARARARRRARE AR AN AR 4 mT fill pressure, hydrogenThe current densities shown
{=244pus 254ps | are computed by first fitting the average measured magnetic
— field profile to a Harris sheet profile, then deriving the cur-
e <69,> rent density from the fit. The magnetic measurements shown

are made at a small toroidal separation (10°—-15°) from the
fluctuation diagnostic. As the current sheet is formed, the
width of the sheet thins to be comparable to the ion skin
depth while the radial position of the current sheet moves
outward(due to the hoop forgdan order to establish equilib-
rium with an applied steady-state magnetic field in the
direction. The plotted fluctuation amplitude is determined
through first high-pass filtering individual fluctuation mea-
surementgdigitally), then averaging the square amplitude at
each radial position. The error bars represent shot-to-shot
variations in the measurement. The fluctuations are observed
to grow up on the inner edge of the current sheet, then
strengthen and track the current sheet as it moves toward an
equilibrium position. Later in time, the amplitude decays
34 38 42 fairly rapidly even though the current sheet persists and re-
R (cm) R (cm) connection continues.

Figure 8 shows a contour plot in the-t plane of the
rms floating potential amplitude, along with the trajectory of
the center of the current sheet and sheet thicki@gsand
Ro= &, determined from the fit of the average magnetic field

due to the LHDI. A discussion of the observed time behavioft0 & Harris profilg. Figure 8 shows in more detail how the
of the fluctuations, also based on the linear theory, is profluctuation amplitude follows the trajectory of the current
vided. profile. As reconnection proceeds, the equilibrium is altered
Radial profiles of the amplitude of the floating potential by the depletion of flux inside the current sheet. This lowers
fluctuations were constructed through shot-to-shot positionthe BZ pressure pushing out on the current sheet, resulting in
ing of the probe and averaging over many shots at each p@n inward shift of the equilibrium position, as shown in the
sition. Figure 7 shows average radial profiles of the rootFig. 8 aftert~258 us. Reconnection continues as the cur-
mean-square fluctuating floating potential amplituderent sheet moves inward, until roughtly 280 us.
superimposed on the computed average current density pro- The radial profile measurements raise a key question:
file at four times during a set of more than 200 low- Why is the radial amplitude profile asymmetric? We will
collisionality (A g,/ 6~5—10) MRX discharge$12/10 kV,  address this question using the linear electrostatic model of

V or MA/m? (x 0.1)

V or MA/m? (x 0.1)

FIG. 7. Radial profiles of rms fluctuation amplitude zt0 and current
density in the MRX current sheet at four times.
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T
/

\’\/

270

it

A\

(
260 1 :
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larger density on the outer edge produces a smaller flow
difference between the ions and electrons. The combination
of the density and magnetic field asymmetries produces a
strong asymmetry in the profile of the electron bef, (
=8mnT,/B?), as shown in Fig. @). The beta on the inner
edge of the current sheet is on the order of 10%, compared to
— the outer edge which has near unity beta. The large beta on
(b) $ ' the outer edge should be has a significant stabilizing influ-
TF Y ence on the LHDI.
S <{> 4>“{>_ In order to compute a profile of maximum LHDI growth
0.1F ) ‘{> . rate, a smooth fit to the density profile measurenfdotted

: 4 ? line in Fig. 9a), arbitrarily using a Lorentzian with different
“temperatures” on either side of the current shesdbng the
fitted magnetic field and current profiles tat 264 us were

N <6 :

s { Jo used to compute parameters in E) (assumingT,;/T,

\% (c) — ; =1,2,3. The cross-field ion velocity\() in this equation

5 < was determined by equating the plasma current densify to

o & y ; =ne(V+uvp o), Wherevp ¢ is the electron diamagnetic ve-

e b locity. Dispersion relations and growth rates for the LHDI

— 8 ' _ were then found through numerically finding roots of E),

O 6F (d) Ti/Te - ] . .

= - using model parameters determined from measured plasma

s oF o2 ] parameters at each radial location. Figuie)9hows the

3 profile of the maximum growth ratémaximized over wave

~2F -. . numbej which resulted from these calculations. The pre-

5 0 £ \ dicted growth rate profile is quite asymmetric, in fact grow-
30 32 34 36 38 40 42 ing modes are only found on the inner edge of the current

sheet. Growth is suppressed on the outer edge by the large
beta, low ion drift speed, and small normalized density gra-
dient. The growth rate profile compares well with the mea-
FIG. 9. () Radial profiles of fitted average magnetic field and density, Sured fluctuation amplitude profile &t=264 us, which is
including a smooth fit to the density profiléwvo-temperature Lorentzian repeated in Fig. @) for clarity_ There is no reason to expect
(b) Electron beta calcglat_ed from mea_sured eIeptron density, eIeCtron_te"huantitative agreement between the saturated amplitude of
perature, and magnetic fielet) Fluctuation amplitude and current density . . . .
profiles att=264 us. (d) Computed peak growth rate profile for the LHDI, the fluctuations and the linear growth rate in this case. How-
for the measured profiles and fo/T,=1,2,3. ever, the linear growth rate profile should indicate where the
drive for the instability is strongest and hence should suggest
the saturated amplitude might be largest.
the LHDI derived in Sec. Il. Linear calculations of the local The amplitude of the fluctuations in this set of discharges
growth rate profile of the LHDI were performed based onis observed to decrease rapidly shortly after265 us. The
measured profiles of density, electron temperature, and magadial profiles of measured plasma parameters change fairly
netic field. Electron temperature and density profiles weresmoothly by comparison, and therefore do not seem to pro-
acquired in a similar fashion to the fluctuation profile: vide an answer for the rapid time scale of the decrease. One
through shot-to-shot positioning of a triple Langmuir probeunknown parameter in these experiments in hydrogen is the
and averaging over several sh@# least teih per position. ion temperature. It is expected that the ions should be heated
The triple Langmuir probe measured density profiletat and the ion temperature should rise monotonically during
=264 us, along with a Harris sheet fit to the measured av+econnection, based on measurements in helium pla¥has.
erage magnetic field profile, is shown in FigaP Both the  This ion heating could increase tfe/T, ratio and also in-
magnetic field and the density are observed to be radiallgrease the total plasma beta. Davidsral!? have shown
asymmetric with respect to the center of the current sheethat at normalized drift speedg; /vy, ;=1 the critical beta at
The magnetic field asymmetry is due to the cylindrical ge-which the LHDI is suppressed can drop with increasing
ometry of the field coilgflux coreg in MRX, which generate T;/T.. Figure 9d) shows some support for this in MRX
stronger fields inside the current sheet location than outsidgparameter regimes as the calculated linear growth rate drops
The density asymmetry arises so that radial force balance camith increasingT;/T.. We expect that the ion temperature
be achieved with this magnetic field profféThe density should be less than the electron temperature before reconnec-
gradient is a source of free energy for the LHDI, and a strontion begins, again based on previous measurements in he-
ger gradient on the inner edge implies the growth rate shouldlum. An estimate of the ion temperature at late times can be
be larger there. In addition, the density asymmetry creates made through considering a MHD force balance across the
radially asymmetric cross-field electron-ion flow speed dif-current sheet, resulting i, /T,=2 for t=274 us. The lin-
ference V4=j/ne. This cross-field drift is also an important ear growth rate should drop somewhat due to an increase in
drive for LHDI, and for a symmetric current density, the the temperature ratio td;/T.~2 (see Fig. 9, but this may

R (cm)
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not fully explain the observed greater than fourfold drop in 1.0 ' '
the fluctuation amplitude. - -%—

We can offer some additional suggestions as to the et 0.8r1 ]
source of the rapid decrease of the fluctuation amplitude ob- v
served in these discharges. A nonlocal theory is likely to be L 0.6 ]
necessary to fully describe the LHDI in MRX current sheets, 8
due to the presence of gradients in both thand z direc- c 0.4r1 ]
tions. In particular, it is important to note that the local 3
theory assumes that the strongest growing mode occurs at = 027 ]
k,~0, or at infinite parallel wavelength. The current sheet in 0.0 . .

MRX is, of course, of finite length and largest parallel wave- 0 10 5

length is likely set by this length. It is possible that plasma Ax/p,

conditions away from the center of the current sheéing _

z) could have repercussions on the behavior of the instabiIit)ﬁ&f{ug?i'olgfnm,\ﬁg;?Oherency of spatially separated measurements of LHDI

near the center of the current sheet, due to the tendency for

the instability to grow at large parallel wavelength. For in-

stance, it is known that the plasma pressure downstream itye. From Fig. 10, a decorrelation length.<10p, is esti-

the MRX current sheet builds up during reconnecdband  mated. This length is comparable to the theoretically pre-

this might lead to large downstream beta. This beta mightlicted wavelength for the strongest growing portion of the

stabilize the LHDI at largez, limiting the k; available for  LHDI spectrum §~2mp,). This estimate implies that sig-

modes driven at the center. This effect, coupled with risingnificant new growth occurs over a single wavelength, an im-

beta andT;/T, at the center, could possibly result in the plication which is consistent with the predicted strong linear

observed rapid drop of LHDI amplitude near the center ofgrowth rate for the LHDI ¢~ w, ).

the current sheet for the given parameters. Dispersion relations of the fluctuations were investigated

in the 1 mm separation case using the statistical method of

Beall et al>® Here the local wave number at each frequency

) ] o is calculated from the phase in the cross-spectrum of two
The linear theory provides predictions for wavelengthgpatially separated signals. This computation was performed

and phase velocity of the LHDI, and further evidence for theusing two sets of data, one with the probe oriented in the

presence of this instability in MRX could be provided gjecron diamagnetic direction and the second with the probe
through comparing measured spatial correlations in the fluCgriented in the ion diamagnetic direction. The distinction be-

tuations with the theoretical predictions. In this section, studyyeen these two orientations is made by labeling one of the
ies of the decorrelation length in the measured fluctuationg,,, probes as primarycall it probe a, for instancg and
are presented along with statistical dispersion relations dedrienting the two probes such that probés upstream with
rived from the cross-spectrum of two spatially separated dif'respect to the second probe in a flow in either the ion or
ferential probes. _ _ _ electron diamagnetic direction. This distinction is made pri-
Spatial correlations in the fluctuations were mvestlgatedmar”y as a test for any systematic asymmetries in the
using spatially separated double floating Langmuir probesy opes—if the two probes make measurements in an identi-
Three probes were constructed for this purpose, with prob&sy| fashion, rotating the probe should result in a positive
to-probe spacings of 1, 3.5, and 10 mm. The decorrelatiop,easyrement dfy., in the wave propagation direction and
length in the fluctuations was investigated through calculaty, negativek,,.; measurement when oriented in the opposite

ing the coherency between separated differential probe Sigjirection. The statistical dispersion relatiofus versus local

0 30

3. Spatial correlations and propagation characteristics

nals, which is defined as wave numberresulting from orientations in the electr¢ia-
BN beled 09 and ion(labeled 1807 diamagnetic directions are
y= : , shown in Fig. 11. The gray regions surrounding the black
\/| 5$f‘a|2| 5?i>f,b|2 K, 1ocal CUrVes represent the spectral width of e, cal-

_ culation, which is quite large. The spectral width represents

where 6¢ 5 is the Fourier transform of signal, andX,,  the spread in measuréd .., and the size of this spread is
= (ﬂbf‘a&?ﬁf,b* is the cross spectrum of signasandb. Fig-  due to the observation of, on average, a large spread in the
ure 10 shows the mean coherency, averaged over the LHhase shift in the cross spectrum at each frequency in the
feature in the frequency spectrum and over 20 discharges paurbulence. This fact precludes a statistically significant de-
separation, versus probe separatipormalized to the elec- termination of the wavelength and phase velocity of the fluc-
tron gyroradius Here the separatiodx, is in the toroidal tuations. However, a preference for propagation in the elec-
direction, which is the current direction and the expectedron diamagnetic direction is indicated by the measurement
propagation direction for the LHDI. of primarily positive localk, .., for orientation in the elec-

The signals are quite coherent at the smallest separatidnon diamagnetic direction, and negatike ., for the op-
(1 mm), but the coherency drops rapidly as the separatioposite direction. This direction of propagation is consistent
becomes larger. A decorrelation length for the turbulence cawith the LHDI when observed in the ion rest frame. Spec-
be estimated as the length at which the coherency drops tooscopic ion flow velocity measurements have been per-
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models presented in Sec. II: electron resonance broadening
[Ref. 28, Eq.(3)] and nonlinear mode—mode couplifigef.

26, Eq.(4)]. The peak amplitudéin both space and time
observed in the radial scan presented Sec. IV A2 is roughly
(8d¢)max=0.4 V indicating a normalized potential fluctua-
tion value of (Te=~8 eV):

101 0° [ 180°

e< ¢p>max~ 5

0
T, %.

e - - 2 6' 1’0 1d We can now estimate a value for the normalized fluctu-
f (MHz) f (MHz) ating electric field energy densityé/nT;, where &£

2 _ 12 2 H ;
FIG. 11. Statistical dispersion relations for two probe orientations ~ Ema/87= kr_na>_<<¢ >ma>J_87T_-_ As was discussed in Sec.
(0°/180°= electron/ion diamagnetic directipn IV A3, a statistically significant value for the mode wave-
length was not measured, however we can estimate the wave
number in these fluctuations from the linear thedtyy
formed in the MRX which suggest that the ion rest frame |S~pg1_ Using this estimate, we find that the peak fluctuating
the correct lab frame in the current sh&®t. electric field value, based orp~0.40V and k~p,*
The large spectral width of these local wave number_1700 nil is E~700 V/m. Using this estimate and
measurements could be attributed to several causes, includ-3 5 103 cm 3 and T,~ T,~8 eV, we find that in these
ing deficiencies in the measurement technique and effects iheasurements
the plasma. One possible deficiency in the measurement
technique is the uncertainty in the instantaneous direction of  &max g
L . —~7X10°.
the magnetic field during the measurement. The valuB,of nT,
is locally determinedwithin a few centimeters using the 1-D
magnetic probg however the radial and toroidal fields are
measured on the other side of the tofapproximately 180° sured plasma parameters, of the electron resonance broaden-

away in toroidal angleand may not accurately represent theing .and nonlinear mode coupling saturatiop models for com-
fields in the toroidal plane of the fluctuation measurementParison. The elec?:[ron_rsesonance broadening model predicts,
This may lead to projection effects which would make theUsing n~2.5x 10%cm™®, Ti~Te~8eV, B~100 G (at r
wavelength appear longer, but the effect should be propor’—“o'36 cm,

tional to cos? and may not be large enough to explain the £ om. 02 [T\ 142
observed width. In addition, if there is sorketo the wave, (—) ~o— (—') ——=5x10"¢.
which we have assumed is zero in the theory presented in NTi/ S MaopelTel  vipng

Sec. I, we may be only measuring a projectiorkofin the  This value is quite comparable to the computed value of
toroidal direction. This would lead to a smaller estimate forg/nT. for the measurements reported here 7(x 10~8).

the wave number and a faster apparent phase velocity, CORfowever, it should be pointed out that we might expect the
sistent with the observations. Nonlinear effects may alslectron resonance broadening mechanism to be hampered
contribute to the observed spectral width. The LHDI has &y electron collisions in MRX, so it might be surprising to
fairly strong predicted linear growth rate in MRX, which is find agreement with this prediction. The nonlinear Landau

comparable to the real frequenty prediction supported by gamping saturation mechanism predicts
decorrelation length estimadedt is therefore not unreason-

able to expect rapid nonlinear saturation of the instability and ~ €¢ __ [2Me llzl 209
nonlinear modifications to the wavelength spectrum of the T, WM o

Uth,i
turbulence. The linear characteristics of the instability, such L . )
as the phase velocity, may not be preserved in the nonlinTh'S prediction is larger than the normalized amplitude de-
uced from the measuremeri&), but is quite close con-

early saturated state, and this may be reflected in the meg_ ) Lo _ S
surement. sidering the limitations of the theoretical model used in this

calculation. The theory used to make this estimate ignored
) coupling of wave energy in unstable long parallel wave-
4. Comments on the saturated amplitude length modes to damped shorter parallel wavelength
In Sec. Il a brief review of saturation mechanisms for themodes?® For this reason, it may overpredict the saturated
LHDI was offered, including plateau formation, current re- amplitude in these experiments.
laxation, trapping, electron resonance broadening, and non- It should be noted that the electron resonance broadening
linear mode—mode coupling. Although collisional dissipationand mode coupling saturation predictions have the same
is not enough to explain the rate of reconnection in thesecaling with plasma parameters, and differ only by a con-
discharges, sufficient collisions are available such that plastant. This coupled with the fact that both are within a factor
teau formation and trapping might not be effective. We will of 2 of the measurement makes it difficult to argue which, if
therefore compare the measured amplitude of the fluctuatioresther, is the correct model for saturation of the LHDI in
to the theoretical predicted saturated amplitude due to twdIRX.

Now we can compute the predictions, based on mea-
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5. Magnetic measurements of LHDI

A brief discussion of electromagnetic modifications to I <0¢>
the LHDI was offered in Sec. Il, suggesting that magnetic __ | \
fluctuations should be expected along with electrostatic ~ 4
LHDI fluctuations in high-beta current sheets. While the de- ° |
tailed study performed using electrostatic diagnoggsspre-
sented previous)yhas not yet been reproduced with mag-
netic diagnostics, initial evidence for electromagnetic LHDI
fluctuations has been found. Magnetic pickup loops were
used to study magnetic fluctuations in low-collisionality cur-
rent sheetg12/10 kV, 4 mT, hydrogen These studies re-
vealed high frequencyf& f| ) magnetic fluctuations on the
inner edge of the current sheet. The magnetic fluctuations are
observed concomitantly with the electrostatic LHDI fluctua-
tions measured using floating probes. These signals are ten L t=264us
tatively identified as magnetic LHDI fluctuations, which T T
should be expected to appear due to electromagnetic CorreC  gz5 032 034 036 038 040 042 044
tions to the LHDI in high beta current sheets. The amplitude R (m)
range of these fluctuations i$¥B~1-10 G or S6B/B _ o . , :
~1-10%, similar to the normalized amplitude in the eIeC_FIG. 12. _Proflles of magnetic f_|e|d, current d'en§|'ty, and fluctuqtlon ampli-

S ) . " tude att=264 us, demonstrating that no significant penetration of the
trostatic fluctuations. Currently, a detailed study of magnetia Hpi into the magnetic null is observed.
fluctuations in MRX is under way which should shed more
light on the source of these signals.

N
T

B, (x100G)

o
—
-
"
ne
ny

Jg or <6d> (x0.1 MA/m

It is also interesting to discuss the relationship between
B. Role of the LHDI in reconnection in MRX the current prof?le and t_he fluctuation amplitude profile. The
) o ) ~current density in MRX is generally observed to be symmet-
~ One of the primary motivations for studying fluctuations ric, while the fluctuation amplitude profile is markedly asym-
in MRX is to determine the role of any observed fluctuationsmetric. In addition, the thickness of the current sheete,
in the reconnection process. Of particular interest is whetheé.g” Fig. 8 seems insensitive to the time history of the am-
or not the LHDI can generate anomalous resistivity in MRXpjitude of the LHDI fluctuations. Both of these observations
current sheet or play some other role in establishing the obsyggest that the fluctuations are not the primary mechanism

served enhanced resistivity and fast reconnection rates i§y which the shape of the current profile is established.
MRX.%° The data and analyses presented in Sec. IV suggest

that the LHDI is not essential in determining the reconnec-_ , )
tion rate in MRX. This conclusion stems largely from con- 2. Time behavior of the LHDI amplitude
sideration of the radial profile of the fluctuation amplitude, An observation which provides further support for a con-
the time behavior of the fluctuation amplitude and the scaling-lusion that the observed fluctuations are not essential for
of the fluctuation amplitude and effective collision rate with fast reconnection in MRX is the measured time behavior of
Coulomb collisionality. the fluctuation amplitude. The time behavior of the fluctua-
tion amplitude is compared to that of the average reconnec-
tion electric field €,) and the average central current den-
The radial profiles shown in Fig. 7 seem to suggest thasity (J,) in Fig. 13. The reconnection electric field is the
some penetration of the LHDI into the magnetic null is ob-time derivative of calculated poloidal flux value in the center
served in these measurements. However, it is important tof the current sheet, and represents the rate of reconnection
note that the peak of the current density is slightly offset(rate of destruction of poloidal flux interior to the current
from the magnetic null early in the reconnection process irsheet in radius From Fig. 13, the quasi-steady reconnection
MRX, due to the asymmetries inherent in the toroidal geomphase can be identified as the time period over which the
etry in MRX. This is demonstrated in Fig. 12, where profilesreconnection electric field is steady, roughly from
of fitted magnetic field, fit-derived current density, and mea-=260 us tot=280 us. The fluctuation amplitude shown in
sured fluctuation amplitude are plotted. From Fig. 12, theFig. 13 (5é+)may iS the peak value in space at each point in
fluctuation amplitude is not seen to penetrate into the nullfime. As was discussed in Sec. IV A 2, the fluctuation ampli-
consistent with linear theoretical predictions of finite-betatude grows as the current sheet forms and reconnection be-
stabilization. The simplest mechanism of anomalous resistivgins, but is seen to decrease rapidly with time before the end
ity generation by LHDI turbulence is by effective scattering of the quasi-steady reconnection phéasete that the radially
of the current carrying particles by the wave electric fields.integrated or averaged fluctuation power would exhibit an
The measured amplitude profile of the LHDI makes it quiteeven steeper decline, as is evident when inspecting Fig. 7
difficult to apply this model to the MRX current sheet, as theBoth the reconnection electric field and the peak current den-
turbulence is not present at the magnetic null, where it wouldity seem rather insensitive to the fairly extreme time behav-
be needed to provide dissipation. ior of the peak fluctuation amplitude netr 265 us. This

1. Radial profiles
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of : i i
24 250 260 270 280 does not seem to influence the eventual quasi-steady recon-

tus) nection rate. Therefore, future experiments will investigate
FIG. 13. Time traces of reconnection electric field, peak current density, andn€ influence of the LHDI on the onset of reconnection in
peak rms fluctuation amplitude in 12/10 kV 4 mT hydrogen discharges. MRX current sheets.

3. Scaling of fluctuation amplitude and quasilinear

observation suggests that the LHDI fluctuations are not cruf€Sistivity with collisionality
cial in determining the reconnection rate in MRX, since the  The discussions already presented in Sec. IV provide
reconnection rate is essentially unphased by a rapid changidence supporting the argument that the measured fluctua-
in the amplitude of the fluctuations. In fact, there is sometions are not of crucial importance in setting the reconnection
evidence that the reconnection electric field and current derrate in MRX. An additional data set which provides further
sity actuallyincreaseslightly following the rapid decrease in support for this conclusion was taken to explore the depen-
the fluctuation amplitude near 275 us. Although this ob-  dence of the fluctuation amplitude and computed quasilinear
servation is not conclusive, this might suggest that the LHDIresistivity on the collisionality in MRX current sheets. Col-
actually impedes the reconnection process in MRX. A similadisionality in MRX current sheets is characterized by the pa-
conclusion has been made with respect to recent thregametemn /5, wheredis the width of the current sheet and
dimensional Hall MHD simulations of reconnection where \;, is the electron mean free path against Coulomb colli-
the LHDI is seen to aris¥ sions. As the collisionality is lowered in MRX current sheets,
The measurements reported here are taken only nearthe measured toroidal reconnection electric fiég, is no
=0, and it is possible that the fluctuations persist at higHonger balanced by classical collisional drag at the center of
amplitude elsewhere in the current sheet even though thihe current sheets,/7sy,>1 (where 7g, is the classical
amplitude drops dramatically at the measurement locatiorSpitzer perpendicular resistivit§® The size of this discrep-
However, measurements of plasma profiles downstrearancy, which could be characterized as a resistivity enhance-
(|zZ/>0) have been made, and these measurements suggesént, increases rapidly with decreasing collisionality. If the
shallower density gradients and lower current densities thameasured LHDI fluctuations were responsible for this mea-
at z=0. Therefore it is expected that the strongest drive forsured resistivity enhancement, one might expect a strong de-
the LHDI should be located at=0. Even if the fluctuations pendence of the LHDI amplitude and effective collision rate
did persist elsewhere, the simplest theoretical picture obn the Coulomb collisionality in MRX.
anomalous resistivity generation by the LHDI, through effec-  Figure 14a) shows the measured peak fluctuation ampli-
tive scattering of the current carrying particles at the null, istude (peak amplitude in both space and tinversus\ s,/ &
unlikely to be valid in light of the observations. from a scan of fill pressure. The amplitude of the fluctuations
Recent theoretical work has suggested that the LHDHoes tend to increase with decreasing collisiondlitgreas-
may provide a trigger for reconnection, through either pro-ing \ s,/ 6). However, if the fluctuation amplitude is normal-
viding an initial resistivity or through nonlinearly steepening ized to the measured electron temperature, which from Bolt-
the current and density profiles at the edges of a current sheeinann’s equation might be considered as an estimate of
and triggering additional instabilities such as the drift-kink n/n in the turbulence, we find that there is essentially no
instability (see, e.g., Refs. 13, 42, and)5#4 is not clear that change in this quantity with collisionality, as shown in Fig.
there is an onset problem in MRX, as reconnection is driveri4(b).
through boundary perturbations imposed by the external Theoretical estimates of effective collision rates pro-
coils (note that this is not unlike the initial tearing mode duced by LHDI fluctuations depend on the normalized am-
perturbation imposed on some recent simulations of colliplitude of the fluctuations&,/nT~(dn/n)? [see Eq.(8)].
sionless reconnection. However, it is possible that the Figure 14b) then suggests that the effective collision rate
LHDI plays an important role early in the reconnection pro-provided by the LHDI fluctuations in MRX should be fairly
cess in MRX, when its amplitude is strongest, even though itonstant as the collisionality is drastically changed in the
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10T ] T V. SUMMARY AND DISCUSSION
O B/ . . . '
L0 (uptrl) /v ] In this paper, detailed measurements of floating potential
81 Lo e el ] fluctuations in the MRX current sheet were presented. These
measurements have led to the first experimental identifica-
6 L ] tion of the lower-hybrid drift instability in a laboratory cur-
g [ 1 rent sheet, and to the first opportunity for a detailed study of
s I 1 ] the role of this instability in magnetic reconnection. Support
4 - for identifying the measured potential fluctuations as being
I ] due to the LHDI was provided by detailed measurements of
i ‘———% 1 the frequency spectrum, radial amplitude profiles, and spatial
2 " — ] correlations. A local linear theory of the LHDI was used to
& ® & 1 successfully explain asymmetries observed in the measured
0Ly e e ] radial fluctuation amplitude profile. Correlation measure-
0.1 1.0 10.0 ments indicated a decorrelation length in the turbulence
Ao/ S which was comparable to the theoretically predicted wave-
FIG. 15. Measured resistivity enhancement and computed LHDI resistividength of the LHDI, an observation which is consistent with
enhancement as a function of collisionality. a theoretically predicted strong peak linear growth rate. Mea-

surements of phase velocity in the fluctuations suggested a

preference for propagation in the electron diamagnetic direc-
current sheet. However, as the collisionality is raised infion, but a statistically significant value for the phase velocity
MRX v, increases dramatically, and therefore the normalWas not found due to a large variations in the measured
ized LHDI resistivity, v, o / ve; Might behave in a manner phase at each frequency in the turbulence. Estimates of the
consistent with the observed resistivity enhancement iffXPected saturation amplitude by electron resonance broad-
MRX. We can now compute the normalized effective LHDI €ning and nonlinear mode coupling were made based on
collision rate for this set of data, using E®) along with the ~Measured plasma parameters. The estimate for the measured
measured amplitude, plasma parameters and the linear the@etential fluctuation amplitude was found to be comparable
retical estimates for the LHDI shown in Fig. 9. For example, {0 the electron resonance broadening estimate, but roughly a

for the lowest collisionality data point in Fig. 14, factor of 4 lower than the nonlinear Landau damping esti-
mate.
_ 4w;23,i i & The observations presented suggest that the measured
Vo= 1M Ky K2ud | Gele) meV nT; potential fluctuations do not play an essential role in deter-
L max mining the quasi-steady reconnection rate in MRX. The role
wpi vini € 4 of the LHDI in the reconnection process in MRX was ex-
02V nT. Im(wgiZ(gi) wLH plored through studying the spatial and temporal behavior of
: : Lre Ky max the fluctuation amplitude and through studying the depen-

dence of the fluctuation amplitude on the current sheet col-
lisionality. The observed radial profile of the fluctuations is
This estimate is actually lower than the Coulomb collisionconsistent with several theoretical predictions that the LHDI
rate for that data pointy, ;=35 MHz, suggesting a resistiv- should not penetrate to the high-beta null point. The fluctua-
ity enhancement of less than a factor of 2. Figure 15 showsion amplitude was observed to drop dramatically during re-
the computed LHDI resistivity enhancement along with theconnection while the reconnection ragelectric field was
measured resistivity enhancemert ¢sgj) as a function of  steady. The mechanism for the drop in amplitude is still not
collisionality for all the data points in the pressure scanfully understood, but this observation makes it difficult to
While the LHDI resistivity enhancement does increase withclaim that the LHDI is providing anomalous dissipation dur-
decreasing collisionality, it is clearly insufficient to explain ing reconnection in MRX. Finally, a study of the effect of
the observed value dE/7g,. It should be noted that the collisionality in the current sheet on the fluctuation ampli-
effective collision rate is computed using the maximum fluc-tude and computed effective collisionality was performed.
tuation amplitude(maximum in both time and spaceand  The normalized fluctuation amplitude was found to be fairly
therefore provides a very generous estimate of the LHDInsensitive to the collisionality in MRX current sheets. The
resistivity. The amplitude at the null point, whel¢ »s,j is  quasilinear estimate of the LHDI collisionality was found to
measured, is significantly lower than this peak amplitudefall short of the Coulomb collision rate in low collisionality
and an estimate of the effective collisionality there should balischarges, even when the peak fluctuation amplitude is used
more than an order of magnitude lower. It should also ban the computation, further suggesting that the fluctuations
noted that the theory used in computing the effective LHDIlare not responsible for enhancing the resistivity in MRX cur-
collisionality is a collisionless theory, and it is not clear how rent sheets.

these estimates change when the Coulomb collisionality is Magnetic fluctuations have also been observed in MRX,
close to the linear frequency of the instability, as is the casand any relationship between these fluctuations and the re-
here. connection rate is currently the subject of intense investiga-

NOG(,()LH: 26 MHz.
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tions. While fluctuation studies will continue, with current The final step is accomplished by usingV ¢=d¢/dt
data it is difficult to construct a theory of fast reconnection in—d¢/dt, and by assuming,,_, _..=0.

MRX based solely on extending MHD with an anomalous In order to complete the time integrals, we must first
resistivity generated by the observed electrostatic potentiadolve the single particle equations of motion for the elec-
fluctuations. Therefore future experimental campaigns onrons. These are

MRX will also focus on exploring alternative fast reconnec-

tion mechanisms, including looking for signatures of fast re- d_V: a VXB(X)

connection mediated by the Hall term in the generalized dt m, ¢ '

Ohm'’s law. There is some consistency between the data and

the Hall-dominated models in the observation of a current = _,

sheet thickness proportional to the ion skin depth; simula- dt

tions have shown that an ion current layer can exist at thl% that th dient le lenath in th fic field
scale'® However, the simulations predict that the current ssuming that the gradient scale length in the magnetic fie

sheet can have two scales, and that an inner, electron curreﬁtmuCh longer than the electron gyroradius, we can use the

scale can be as small @, , (depending on the source of guiding center expansion to obtain the electron orbit. Intro-
il ,_

dissipation. Such a current layer could solve the electronducmg the variabler=t"~t, we find

force balance problem in MRX through an increagedd v, 1 Uf

currently unresolvedcurrent densityj*, such thatE= »j* y'~ Q—cos(zp+Qer) COS(p RN Q

(dissipation could be provided by collisionsThe real ex-

perimental tests of these simulations will therefore only

come through attempting to resolve smaller scale features in  x’'~ ;—sm(qﬁﬂer) QL sing,

the MRX current sheet—features that are potentially many € €

times smaller than the current size of individual magnetic 2'=—u,,

detectors in MRX. The development of new diagnostics for

this purpose is already underway. where e,=(1/B)dB/dx and ebvfIZQe=VVB, the electron
VB drift speed. Here we are ignoring oscillating terms of
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APPENDIX: DERIVATION OF LHDI ELECTRON
DENSITY PERTURBATION +(w—kv||—kyVVB)T> _
In the following we use the electrostatic approximation
and introducek, = VkZ+k3 andk,=k,. The Vlasov equa- Using the fact that
tion is used to calculate perturbed distribution functions, w0
from which the perturbed charge densities are calculated and exn(iz sine) = exn(ine)d(z
used in Poisson’s equation, 4 ¢) nzz—oc Aing)dn(2)
dofe) g af2 and
at T T mE e i}
We use the method of characteristics to solvedby, inte- expliz Si'"'(<P+QeT))=n:2_oo expim(e+Qe7))In(2),
grating along the zero-order orbits of the particles:
q , ? o6f . becomes
8fe=—— dt’'| E-—fq
mJ_» av -~ 2q I:M e~
o Ofe=—— 75— ¢|1-(0w— kyUDe)
t 2F M Vipe ’
=ﬂf dt’| —v-Vo—2+ LF, (Vo) }
mJ) .. vie Qo MUY S (Jn<z>Jm(z>exm(m—n><<,o—w/2>>”
_ 29Fme 29 Fy,e jt dt’ﬁ nm w—ky;—kyVyg—mQ,
M vge &0 M og, at’ where we have introduced the electron diamagnetic velocity,
Up,e= Envth J/2Q ¢ andz=k, v, /Q,. The perturbed electron
k,qe
' q np f dt’ ¢, density can now be calculated by integratifig, over veloc-
ity space:
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2qng ~ 2q
oNe= — 2 - d’(w kva e)
mvth,e mvth e

Jn(Z)Jm(Z)FM,e
kyVVB_ er

XE videJde
m,n

o=k —

Xf de expi(m—n)(o—7/2)).

The velocity phase integral is nonzero only for=n. The
integral over evaluates to a plasma dispersion functién,
The perturbed electron density then becomes

2qng ~  2q no 2
ong=— - k
¢ mvtzh,e d) muv th e d)(w yUD E) kH

X D f xdxexp( —x2)J2(k, peX)

o—K,VyaX2—
XZ y VB

nQe)
kHvth,e

Where we have introducedx=v, /vy, and VVB
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